Posttranslational modification of amino acids confers a range of structural features and activities on ribosomally synthesized peptides, many of which have potent antimicrobial or other biological activities. Cypemycin is an extensively modified linear peptide produced by Streptomyces sp. OH-4156 with potent in vitro activity against mouse leukemia cells. Cypemycin does not contain lanthionine bridges but exhibits some of the structural features of lantibiotics, notably dehydrated threonines (dehydrobutyrines) and a C-terminal S-[(Z)-2-aminovinyl]-D-cysteine. Consequently it was classified as a member of the lantibiotic family of posttranslationally modified peptides. Cypemycin also possesses two L-allo-isoleucine residues and an N-terminal N,N-dimethylalanine, both unique amino acid modifications. We identified and heterologously expressed the cypemycin biosynthetic gene cluster and performed a mutational analysis of each individual gene. We show that even the previously described modifications are carried out by unusual enzymes or via a modification pathway unrelated to lantibiotic biosynthesis. Bioinformatic analysis revealed the widespread occurrence of cypemycinlike gene clusters within the bacterial kingdom and in the Archaea. Cypemycin is the founding member of an unusual class of posttranslationally modified ribosomally synthesized peptides, the linaridins.
Posttranslational modification of amino acids confers a range of structural features and activities on ribosomally synthesized peptides, many of which have potent antimicrobial or other biological activities. Cypemycin is an extensively modified linear peptide produced by Streptomyces sp. OH-4156 with potent in vitro activity against mouse leukemia cells. Cypemycin does not contain lanthionine bridges but exhibits some of the structural features of lantibiotics, notably dehydrated threonines (dehydrobutyrines) and a C-terminal S-[(Z)-2-aminovinyl]-D-cysteine. Consequently it was classified as a member of the lantibiotic family of posttranslationally modified peptides. Cypemycin also possesses two L-allo-isoleucine residues and an N-terminal N,N-dimethylalanine, both unique amino acid modifications. We identified and heterologously expressed the cypemycin biosynthetic gene cluster and performed a mutational analysis of each individual gene. We show that even the previously described modifications are carried out by unusual enzymes or via a modification pathway unrelated to lantibiotic biosynthesis. Bioinformatic analysis revealed the widespread occurrence of cypemycinlike gene clusters within the bacterial kingdom and in the Archaea. Cypemycin is the founding member of an unusual class of posttranslationally modified ribosomally synthesized peptides, the linaridins.
Actinomycetes | antibiotic | enzymology | natural products | Streptomyces T here is currently considerable interest in the identification of novel biologically active modified peptides (1) and in understanding the underlying enzymology that potentially will enable rational drug design (2, 3) . Many different posttranslational modifications are introduced into ribosomally synthesized peptides (4), and they often are required for biological activity, contributing structural properties and peptide stability (5) . Because of the ribosomal origin of the peptides, variant generation can be accomplished readily by mutagenesis of the corresponding structural gene (6) or by the introduction of tailoring enzymes.
Cypemycin is a modified peptide antibiotic that was identified because of its potent activity against mouse leukemia cells (7). It was classified as a member of the lantibiotic family of peptides because of common structural features, notably the presence of dehydrobutyrine (Dhb) and S-[(Z)-2-aminovinyl]-D-cysteine (AviCys) residues (8, 9) . In this study, we identified the cypemycin biosynthetic gene cluster of Streptomyces sp. OH-4156 (7) and show that these previously described modifications are introduced by unusual enzymes or by an unusual modification pathway. Six distinct posttranslational modifications participate in cypemycin biosynthesis, altering 9 of the 22 amino acids found in the mature peptide. Four threonine (Thr) residues are dehydrated to form Dhb and one cysteine (Cys) is dethiolated to form dehydroalanine (Dha). The C-terminal Cys is oxidatively decarboxylated to form an enethiolate; addition of this reactive intermediate to the Dha results in the formation of the C-terminal AviCys. The side chains of two isoleucine (Ile) residues are isomerized to form L-alloIsoleucine (L-allo-Ile). Finally, the leader peptide is removed, and two subsequent N-methylations of the N-terminal alanine (Ala) generate N,N-dimethylalanine (Me 2 -Ala).
Results
Identification of cypA, the Gene Encoding the Cypemycin Precursor Peptide. All amino acids in cypemycin are in the L-configuration (Fig. 1A ) (8) , presumed to reflect the posttranslational modification of a ribosomal precursor peptide. Initial PCR-based and Southern blotting approaches using degenerate nucleotide sequences derived from the sequence of fully modified cypemycin failed to identify the gene encoding the precursor peptide. Because cypemycin was believed to be a member of the lantibiotic family (9), degenerate primers were designed to amplify a conserved region of lanthionine M (LanM) lantibiotic dehydratases but failed to identify a possible cypemycin dehydratase.
We next carried out Solexa-based genome scanning of Streptomyces sp. OH-4156. We generated 15,471 contigs with a median length of 378 bp and an additive length of 8.5 Mb, typical of a Streptomyces genome (10) . A tBLASTn search of the contig database with cypemycin's predicted propeptide sequence identified a 1,888-bp contig containing the cypemycin prepropeptide gene, cypA, confirming that cypemycin is indeed ribosomally synthesized (Fig. 1B) .
The 22-aa CypA propeptide sequence revealed the identity of the residues subjected to posttranslational modification. As expected, the four Dhb residues of cypemycin result from dehydration of Thrs, Me 2 -Ala is formed by methylation of an Ala residue, and the two L-allo-Iles are introduced by side-chain isomerization of L-Ile. Surprisingly, the AviCys modification is formed from two Cys residues. In contrast, previously described lantibiotic AviCys residues are generated from an internal serine (Ser) and a C-terminal Cys. LanD-mediated oxidative decarboxylation of the propeptide's C-terminal Cys yields an enethiol intermediate that can form AviCys by addition to a Dha created by dehydration of an internal Ser (11) .
As in most other posttranslationally modified peptides, the propeptide is preceded by a leader sequence that is removed during or after maturation (12) . The CypA propeptide is preceded by a 42-aa leader sequence that does not display similarity to lantibiotic leader peptides. Moreover, although lantibiotic leader sequences are always devoid of Cys (9), the CypA leader peptide contains a Cys at position −6 relative to the cleavage site.
Additional tBLASTn searches of the Solexa data were performed to identify putative cypemycin biosynthetic genes. A few contigs with possible lanM homologs were identified, but physical linkage between these and the cypA contig could not be established by PCR analysis. Although tBLASTn searches with LanD decarboxylases did not identify a LanD homolog, a contig with the partial sequence of a 4′-phosphopantothenoylcysteine (PPC) decarboxylase was found. PPC decarboxylases belong to the homooligomeric flavin-containing Cys-decarboxylase (HFCD) family that also includes LanD proteins (13) .
Identification of the Cypemycin Biosynthetic Gene Cluster Reveals
Unusual Modification Enzymes. To clone the cypemycin biosynthetic gene cluster, a cosmid library was generated from genomic DNA of Streptomyces sp. OH-4156 in SuperCosI. A nylon membrane was spotted with 3,072 library clones and hybridized with a 480-bp 32 P-labeled cypA probe to identify 14 putative cypAcontaining cosmids.
To determine which cosmids contained all of the genes required for cypemycin production, the vector backbones of nine of the hybridizing cosmids were PCR-targeted with a 5.2-kb SspI fragment from pIJ10702 that contained oriT, enabling the cosmid to be conjugated into a Streptomyces host, and the ϕC31 int gene and phage attachment site (attP) for integration of the cosmid into the chromosome of the heterologous host. Stable integration at the ϕC31 attB site obviates the need for continued antibiotic selection, facilitating subsequent bioactivity assays. Streptomyces venezuelae was chosen as the initial heterologous host because of the high level of nucleotide sequence identity between its genome and the Solexa data from Streptomyces sp. OH-4156. The nine exconjugants and a control strain with the integrated cosmid backbone were assessed for cypemycin production in a Micrococcus luteus bioassay and by MALDI-TOF MS. Six of the nine strains produced cypemycin with MALDI-TOF peaks of [ (Fig. S1) . Judged by the sizes of inhibition zones, cypemycin production by the S. venezuelae exconjugants (Fig. S2 ) was much lower than that of the natural producer. Because it gave the largest zone of inhibition upon heterologous expression, pIJ12404 was chosen for sequencing.
Analysis of ORFs in the pIJ12404 nucleotide sequence identified a putative biosynthetic cluster of nine genes (Fig. 2) . Upstream of cypA and divergently transcribed from it is orf1, which encodes a putative transcriptional regulator. Seven genes with predicted biosynthetic and transport functions lie directly downstream of cypA, the first six of which are likely to be cotranscribed because their coding sequences overlap by several nucleotides (i.e., they appear to be translationally coupled). Immediately downstream of cypA is cypH, which encodes a product with no significant homology to functionally characterized proteins. Although the N terminus of CypH shows homology to a conserved horizontally transferred transmembrane helix domain (14) , its C terminus possesses a possible α/β hydrolase fold. Following cypH is cypL, again with no functionally identified homologs. The next gene, cypD, encodes a decarboxylase of the HFCD family (13) and could be responsible for the introduction of AviCys, analogous to LanD enzymes in lantibiotic biosynthesis. The fourth gene downstream of cypA, cypM, encodes an S-adenosyl methionine (SAM)-dependent methyltransferase presumably required for methylation of the N-terminal Ala of cypemycin. These genes are followed by cypT, which encodes an ATP-binding subunit of an ATP-binding cassette (ABC) transporter. The last gene in which the start codon overlaps with the upstream ORF is cypP, encoding a 516-aa protein with 12 predicted transmembrane helices and with no functionally annotated homologs in the public databases. Because of its location downstream of cypT, we suggest that this protein forms a pore in the cytoplasmic membrane to allow cypemycin export from cell. No leader peptidase domains were found in CypT or CypP. cypI is transcribed in the same direction as cypAHLDMTP, but its start codon does not overlap with the coding sequence of cypP. CypI is a member of the large DUF255 family of conserved proteins.
Mutational Analysis of Cypemycin Biosynthesis. Bioinformatic analysis suggested that the cypemycin biosynthetic gene cluster extends from cypA (or possibly orf1) to cypI (Fig. 2) . The region upstream of and including orf1 is syntenous with SCO4966 to SCO4969 in S. coelicolor (the latter being the orf1 ortholog) (10) . Genes to the left of orf1 are predicted to be involved in mycothiol detoxification, and no function in cypemycin biosynthesis is envisaged. Genes downstream of cypI encode rodlins and a chaplin (homologs of SCO2716 to SCO2719) (10) that have been implicated in morphological development in S. coelicolor (15) and therefore also are unlikely to be involved in cypemycin biosynthesis.
Because no convenient restriction sites were available to excise the putative minimal set of cyp genes and subsequently confirm their identity, PCR targeting was used to introduce unique restriction sites either side of the cluster. Briefly, pIJ12404 was PCR-targeted to the left of orf1 to introduce a unique XbaI restriction site. The antibiotic resistance cassette was removed by Flippase recombination enzyme (FLP)-mediated recombination, and the resulting cosmid was targeted a second time downstream of cypI, introducing a unique SspI restriction site. The 12.2-kb fragment containing the putative minimal gene cluster was excised by digestion with XbaI and SspI and was ligated into XbaI/EcoRVdigested pSET152 to give pIJ12421. S. venezuelae was abandoned as a heterologous host because of low levels of cypemycin production. Instead, S. coelicolor M1146, from which four antibiotic gene clusters had been deleted and which lacks antibiotic activity, was used. Conjugation resulted in the stable integration of pIJ12421 into the ϕC31 attB site of M1146 to give M1412 that did not require subsequent antibiotic selection to maintain the construct. Cypemycin production was confirmed by both an inhibition assay against M. luteus and MALDI-TOF analysis. The halo produced in the bioassay was comparable in size to that produced by M1411 (M1146 harboring pIJ12413), indicating that the putatively assigned minimal gene set was indeed sufficient for cypemycin production in a heterologous host (Fig. 3A) . To investigate the function of each gene within the minimal gene set, individual in-frame "scarred" deletion mutants were generated by PCR targeting of pIJ12404. The backbones of the mutagenized cosmids were targeted subsequently with the 5.2-kb SspI fragment from pIJ10702 to allow integration into the attB site of M1146. Data obtained from heterologous expression in M1146 ( Fig. 3 and Fig. S3 ) was corroborated by generating apramycinmarked deletions of all genes in the minimal gene set in Streptomyces sp. OH-4156 (Fig. S4) . Unless otherwise stated, the mutant described is always the heterologously expressed in-frame deletion mutant. We also used quadrupole TOF (Q-TOF) MS to analyze the structure of cypemycin and some of its mutant derivatives. This analysis allowed determination of the amino acid sequences between Pro3 and the AviCys residue (which does not fragment into readily identifiable subfragments) (Fig. S5) .
The ΔcypA strain did not produce cypemycin (confirmed by MALDI-TOF), and no halo was produced in the bioassay with M. luteus (Fig. 3B) . Deletion of the putative regulatory gene orf1 had no effect on cypemycin biosynthesis (confirmed by bioassay and MALDI-TOF analysis), consistent with production of cypemycin by the Δorf1 mutant of Streptomyces sp. OH-4156. Individual deletion of cypH and cypL abolished cypemycin production. The ΔcypD knockout strain produced a peptide with a mass corresponding to nondecarboxylated cypemycin ( We hypothesized that Cys19 in this compound would be modified to Dha and that Cys22 would still be intact because of the lack of decarboxylation. Alkylation with iodoacetamide thus was carried out to identify any thiol groups in the peptide; an increase in mass of 57 Da indicated the presence of only one such group (Fig. S6A ). To confirm that this thiol group was derived from the C-terminal Cys, we verified the presence of the Dha residue at the position of Cys19 by Q-TOF analysis (Fig. S6B) + = 2,106 Da) that failed to produce a zone of inhibition against M. luteus. The mass corresponds to nonmethylated cypemycin, the presence of which was confirmed by Q-TOF analysis (Fig. S6C ). To confirm that CypM was indeed responsible for dimethylation of the cypemycin propeptide, the peptide product of the ΔcypM mutant was incubated in vitro with a 6-His-tagged MBP-CypM fusion protein (SI Materials and Methods). Dimethylation was confirmed by MALDI-TOF MS ( Deletion of cypT or cypP resulted in reduced halo sizes, but MALDI-TOF analysis confirmed cypemycin production. The Streptomyces sp. OH-4156 ΔcypT and ΔcypP mutants displayed similar phenotypes when analyzed by bioassay and MALDI-TOF. It is possible that an alternative transporter could export cypemycin out of the cell or that, given the hydrophobic nature of the peptide, some level of diffusion through the membrane can occur. No putative peptidase domains were identified in either CypT or CypP, and their respective mutants produced lower levels of cypemycin, indicating that they are not essential for modification or cleavage of the peptide and presumably serve solely to export cypemycin.
Deletion of cypI had no effect on the production or activity of cypemycin. By a process of elimination, CypI is a possible candidate for isomerization of the Ile side chains to form L-allo-Ile, a modification that cannot be studied by MALDI-TOF because no change in mass occurs. Analysis of the Streptomyces sp. OH-4156 ΔcypI strain showed an identical phenotype. If cypI is required for introduction of the allo-Ile residues in cypemycin, they are not required for antibacterial activity.
The five M1146 derivatives that contained a mutagenized cosmid with a biosynthetic phenotype [M1414 (ΔcypA), M1415 (ΔcypH), M1416 (ΔcypL), M1417 (ΔcypD), and M1418 (ΔcypM)] were complemented with wild-type copies of the respective genes to confirm that the mutant phenotypes were indeed caused by the targeted mutations. The coding sequence of each gene was cloned downstream of the constitutive ermE* promoter and EF-Tu ribosome binding site of pIJ10257. Upon conjugation, this vector integrates into the ϕBT1 phage attachment site of the S. coelicolor M1146 chromosome; again, antibiotic selection is not required to maintain the construct. Complementation of the ΔcypA through ΔcypM mutants was verified by MALDI-TOF analysis. Interestingly, in the complemented cypL mutant, nondecarboxylated cypemycin also was produced (Fig. S8 ).
Cypemycin Is a Member of a Large Family of Posttranslationally
Modified Peptides, the Linaridins. A search of the National Center for Biotechnology Information sequence database identified 10 cypL homologs. Their occurrence always coincided with the presence, in close proximity, of genes with homology to cypH (sometimes only to the 5′ half of cypH) (Fig. 4) . Interestingly, in S. viridochromogenes, the cypL homolog is present in a cluster with two other genes, one of which is homologous to the 5′ half of cypH and the other to the 3′ half. All these clusters, with the exception of that in Solibacter usitatus, contain a short ORF that could encode a prepropeptide (Table 1) . Both cypL and cypH were essential for cypemycin biosynthesis, and one or other or both were required for introduction of dehydrobutyrine (dehydrated threonine) residues into the mature peptide. Given the rarity of the cypH and cypL homologs and their invariant co-occurrence, we propose that the gene clusters in Fig. 4 represent a previously undescribed family of posttranslationally modified peptides. Because these peptides are predicted to be linear (lin) and noncyclized, and to contain dehydrated (arid) amino acids, we propose the name "linaridins." Although most of the linaridin gene clusters identified thus far occur in Actinomycetes (Gram-positive bacteria known for their ability to produce a wide range of secondary metabolites), they also occur in other bacterial phyla and even in Archaea (Fig. 4) . So far, the occurrence of a decarboxylase (the cypD homolog) is restricted to cypemycin and the orthologous cluster from S.
griseus. SAM-dependent methyltransferases are more prevalent in linaridin gene clusters, indicating that a subset of compounds could be modified by methylation of their N-terminal amino acid. Examples of genes other than those in the cypemycin cluster that could play a potential role in posttranslational modification are oxidoreductase-dehydrogenases (SCAB84211 and SSQG_04385), a metallophosphoesterase (FrEUN1DRAFT_0187), and a multicopper oxidase (Acid_3062). Interestingly, homologous genes encoding a protein of unknown function are present in or immediately adjacent to linaridin gene clusters in Mycobacterium vanbaalenii Fig. 4 ). The presence of this homolog only in the linaridin gene clusters suggests a role that is dedicated to the production of modified peptides.
Discussion
We have identified, by genome scanning, the gene cluster for cypemycin biosynthesis. We showed, contrary to previous classification, that cypemycin is not a member of the lantibiotic family (9) but instead is a member of an unusual family of posttranslationally modified peptides. A putative minimal gene cluster was constructed, and nine genes contained in an 8.3-kb region were shown to be required for cypemycin production in a heterologous host. Individual in-frame deletions of these genes allowed identification of their functions in posttranslational modification and transport. Cypemycin contains two modifications that are unique to ribosomally synthesized peptides, an N-terminal Me 2 -Ala and two L-allo-Iles (8) . Recently, D-allo-Ile residues also were identified in the aerucyclamides, a family of cyclic cyanobacterial peptides (16). We were not able to identify unambiguously a gene responsible for the isomerization of the side chains of Ile13 and Ile18 to form the L-allo-Ile residues present in cypemycin. CypI is a candidate isomerase and belongs to the DUF255 family of proteins that contain a thioredoxin domain and show similarity to the N-acetyl-D-glucosamine epimerase superfamily. As yet, we have been unable to obtain enough pure peptide from the ΔcypI mutants to verify whether the L-allo-Ile modifications are absent.
N,N-dimethylation of the N-terminal Ala of cypemycin is another unusual peptide modification (4). We unambiguously identified CypM, a SAM-dependent methyltransferase, as the enzyme that introduces these two methyl groups. Nonmethylated cypemycin was not active in a M. luteus bioassay.
In addition to these two modifications, cypemycin contains structural motifs, Dhb and AviCys, found in many lantibiotics. However, much to our surprise, these motifs are introduced through enzyme activities and/or via a pathway distinct from their lantibiotic counterparts. No conventional dehydratase was identified in the cluster, but both cypH and cypL were required for cypemycin biosynthesis. Our mutational analysis dictates, by a process of elimination, that CypH and/or CypL must be responsible for dehydration of the Thr residues of cypemycin to Dhb. It is possible that this modification is an early step in biosynthesis and is required for the subsequent modifications, hence the absence of other modified forms of the propeptide. Alternatively, the lack of the Dhb residues may lead to rapid protease-mediated degradation. The mature cypemycin molecule contains an unmodified Ser; interestingly, lantibiotic Ser residues also are more likely than Thr to escape dehydration (17) . We have been unable to demonstrate CypH or CypL activity in vitro, and, perhaps significantly, similar difficulties have been encountered with LanB dehydratases.
The occurrence of Cys at position 19 in the propeptide, rather than the expected Ser (9, 11), initially led us to think that formation of AviCys in cypemycin occurred via an unprecedented mechanism. Analysis of the ΔcypD mutant and an in vitro enzyme assay revealed that CypD is solely involved in decarboxylation of the C-terminal Cys22. Alkylation of the peptide produced by the cypD mutant with iodoacetamide and subsequent Q-TOF analysis confirmed that Cys19 had been converted to Dha. Because the chemistry behind this reaction is similar to the dehydration of Thr to Dhb, we propose that Cys dethiolation also is catalyzed by CypH and/or CypL (Fig. 5) .
Although they share little sequence similarity, CypD decarboxylates the C-terminal Cys in a manner similar to LanD enzymes. The presence of an AviCys motif at the C terminus of members of both the lantibiotic and linaridin family of modified peptides might reflect a general role for AviCys in peptide stability, protecting the modified peptide from degradation by carboxypeptidases. AviCys, like the Me 2 -Ala residue, is essential for activity against M. luteus. A ΔcypDM double mutant produced a truncated peptide lacking both modifications. As expected, this compound did not display bioactivity.
Deletion of orf1 had no effect on cypemycin production, and the cluster contains no apparent regulatory genes. Interestingly, cypH, the first gene in the likely biosynthetic operon, contains a rare TTA codon, suggesting that cypemycin production might be developmentally regulated and controlled by the tRNA-encoding bldA (18) . The cypemycin operon appears to be transcribed from a promoter upstream of cypA. A predicted transcriptional attenuator (a stem-loop structure with a calculated ΔG of −31.2 kCal) lies between cypA and the other biosynthetic genes and may ensure appropriately different levels of production of the modification enzymes and their peptide substrate.
Bioinformatic analysis identified 10 additional gene clusters that contain a cypL homolog together with a gene with full or partial homology to cypH and, with one exception, a gene encoding a putative prepropeptide. These clusters are expected to be capable of producing linear (noncyclized) dehydrated peptides (linaridins). The gene clusters are phylogenetically widespread, occurring in different phyla of bacteria and Archaea, suggesting that they play an important adaptive role in microbial physiology. Although cypemycin has antibiotic activity against M. luteus, it is inactive against many other bacteria and fungi, and the primary role of cypemycin, and potentially the linaridin family of peptides, may be to function as extracellular signaling molecules rather than as antimicrobial agents.
Interestingly, some of the putative linaridins from gene clusters with a full-length cypH homolog contain Cys residues, whereas peptides from clusters with genes homologous to only the 5′ end of cypH are devoid of Cys (Fig. 4 and Table 1 ). It is tempting to speculate that the C-terminal domain of CypH is involved in the dethiolation of Cys. The occurrence of other potential biosynthetic genes (shown in pink in Fig. 4) suggests that other members of the linaridin family contain novel posttranslational modifications.
Materials and Methods
General Methods. Plasmids and bacterial strains are summarized in Table S1 . Media compositions, culture conditions, antibiotic concentrations, and general Escherichia coli and Streptomyces manipulations are described in ref. 19 . Unless otherwise stated, restriction enzymes were purchased from Roche Diagnostics and chemicals from Sigma-Aldrich. Oligonucleotide primers and probes (Table S1) were purchased from Sigma-Aldrich. Streptomyces genomic DNA isolation, conjugative plasmid transfer, and standard PCR techniques and general cloning methods are described in ref. 19 .
Construction of a Streptomyces sp. OH-4156 Cosmid Library. High molecular weight genomic DNA was isolated from a stationary-phase culture and partially cleaved with Sau3AI. The DNA was size-fractionated by pulsed-field gel electrophoresis, and fragments between 35 and 50 kb were excised and gel purified using the Qiaex II gel extraction kit (Qiagen). The DNA was ligated with BamHI-cleaved SuperCosI cosmid vector and encapsulated in phage particles [using the Gigapack III Gold in vitro packaging system (Stratagene)] which then were used to infect E. coli XL1-Blue. Then 3,072 library clones were transferred to 384-well microtiter plates and arrayed on nylon membranes. The filters were baked, and bacterial debris was rinsed off before hybridization.
Isolation of Cosmids Containing cypA. A 480-bp PCR product corresponding to cypA and flanking regions was generated using primers cypA T1 and cypA T2 and genomic DNA of Streptomyces sp. OH-4156 as template. The fragment was labeled with α-32 P-dCTP following the protocol of the Prime-It Random Primer Labeling Kit (Stratagene) and was used to identify cosmids containing cypA.
PCR Targeting. PCR targeting was performed as described in ref. 20 and SI Materials and Methods.
Generation of Complementation Constructs. The ORFs of genes cypA to cypM were amplified by PCR using primer couples cypA 10257 F/cypA 10257 R to cypM 10257 F/cypM 10257 R (Table S1 ) and cosmid pIJ12404 as template. The PCR products were purified using the Qiagen PCR purification kit and were digested with NdeI and HindIII, whose recognition sequences were incorporated into the primers. The resulting fragments were cloned in NdeI and HindIII-digested pIJ10257 and verified by sequencing using primers 10257 seq F or 10257 seq R. Constructs were introduced into ET12567 pUZ8002 and then into the corresponding Streptomyces mutants by conjugation, whereupon they integrated stably at the ϕBT1 attB site. (7), and grown for a further 3 d. Equal volumes of culture medium were taken from comparably grown cultures and extracted with CHCl 3 unless otherwise stated. The solvent was evaporated, and the resulting pellet was dissolved in methanol (at 1/10 of the original CHCl 3 volume). Aliquots (20 μL) of these samples were spotted onto 6-mm Whatman paper discs. After all methanol had evaporated, the discs were placed on top of soft nutrient agar containing the indicator strain M. luteus. Typically, 1 vol of a M. luteus culture grown in L medium at 37°C to an OD 600 of 0.4-0.5 was used to inoculate 8 vol of soft nutrient agar. Bioassay plates were incubated over night at 30°C and zones of inhibition were recorded after 18-24 h.
Detection of Cypemycin by MALDI-TOF and Q-TOF MS Analyses. CHCl 3 was evaporated from 1 mL of production culture extract, and the resulting pellet was dissolved in 50 μL 5% formic acid. Samples (∼0.8 μL) were spotted onto a Prespotted AnchorChip MALDI target plate (Bruker Daltonics) and washed briefly with 8 μL 5% formic acid. After drying, the samples were analyzed by MALDI-ToF MS on a Bruker Ultraflex TOF/TOF. The instrument was calibrated using prespotted standards (∼200 laser shots). Samples were analyzed using a laser power of ∼25%, and spectra were summed from ∼20 ×20 laser shots. For Q-TOF MS analysis, the peptide was infused directly into a QToF II (Waters) and analyzed with MassLynx 4.1 (Waters UK, Elstree, UK). The sample was diluted into 30% methanol/30% acetonitrile/1% acetic acid and applied with a GlassTip (New Objective) by nano-electrospray. Full MS scan analysis was performed with standard settings, and fragmentation was achieved by increasing the collision energy to 40. Alkylation of the free thiol group in the cypemycin intermediate produced by M1517 (ΔcypD) was adapted from ref. 22 . Briefly, culture medium from a 3-d-old production culture was incubated at 60°C for 30 min under reducing conditions in the presence of 5 mM Tris(2-carboxyethyl) phosphine (TCEP). The mixture was allowed to cool to 25°C. Iodoacetamide was added to a final concentration of 10 mM, and the mixture incubated in the dark at 25°C for 30 min. CHCl 3 extraction was performed as described previously, and the sample was analyzed by MALDI-TOF and Q-TOF MS.
Fusion Proteins and Enzyme Assays. Production and purification of the 6-Histagged MBP fusions to CypD, CypM, and the CypA preproprotein and the conditions used in the in vitro enzyme assays are described in SI Materials and Methods.
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Claesen and Bibb 10.1073/pnas.1008608107 SI Materials and Methods PCR Targeting. PCR targeting primer couples (orf1 F/orf1 R) to (cypI F/cypI R) were used to amplify an apramycin resistance cassette from pIJ773 that also contains an oriT and is flanked by Flippase recombination enzyme (FLP) recognition sites. The resulting cassettes were used to delete orf1 to cypI in pIJ12404, resulting in cosmids pIJ12422-pIJ12430. These constructs were introduced into Streptomyces sp. OH-4156 by conjugation and selecting for apramycin resistance. Screening the apramycinresistant exconjugants for loss of kanamycin resistance (encoded by neo of SuperCosI) identified double cross-over mutants M1427-M1435 that each have a single wild-type ORF (orf1 to cypI) replaced by the pIJ773-derived cassette. The mutants were confirmed by PCR analysis using the corresponding primer couples (orf1 T1/orf1 T2) to (cypI T1/cypI T2). To avoid any polar effects of the mutations on the expression of downstream genes, we also constructed in-frame (scar) deletion mutations for all the putative cyp genes (orf1 to cypI). These mutations were made by introducing pIJ12422-pIJ12430 into Escherichia coli BT340 and growth at 42°C. This procedure resulted in the FLP-mediated excision of the apramycin resistance cassette, leaving an 81-bp in-frame 'scar' sequence (1) and yielding pIJ12431-pIJ12439 (Δorf1-ΔcypI). Derivatives capable of integrating into the chromosome of a Streptomyces host were made by inserting a 5.2-kb SspI fragment from pIJ10702 that contained oriT, the apramycin resistance gene [aac (3)IV], and the ϕC31 attP site and integrase gene by PCR targeting. The resulting cosmids (pIJ12440-pIJ12448) were transferred to S. coelicolor M1146, where stable integration at the ϕC31 attB site occurred; no antibiotic selection was required to maintain the cosmids after integration. Each of the resulting strains (M1413-M1421) contained a cosmid with an individual gene (Δorf1-ΔcypI, respectively) of the putative minimal gene set replaced by a scar sequence.
Similarly, cypA-containing cosmids from the S. sp. OH-4156 genomic library identified by hybridization (pIJ12400-pIJ12408) were targeted with the 5.2-kb pIJ10702 SspI fragment to yield integrative versions (pIJ12409-pIJ12417, respectively). These cosmids then were introduced into Streptomyces venezuelae ATCC 10712 by conjugation, yielding strains M1400-M1409.
Construction of Fusion Proteins. Gateway primer couples (Gat cypA F/Gat cypA R, Gat cypD F/Gat cypD R, and Gat cypM F/Gat cypM R) were used to amplify cypA, cypD, and cypM, respectively. The resulting PCR products were introduced into the pDONR207 entry vector and shuttled into the pHM-GWA destination vector following the protocol of the Gateway cloning kit (Invitrogen). The resulting plasmids pIJ12489 (cypA), pIJ12493 (cypD), and pIJ12494 (cypM) were introduced into E. coli BL21 (DE3) by transformation. Recombinant 6-His-tagged maltose-binding protein (MBP)-CypA, 6-His-tagged MBP-CypD, and 6-His-tagged MBP-CypM were purified from 3 L of Lennox medium [L medium; tryptone 10 g/L, yeast extract 5 g/L, NaCl 5 g/L (2)] after induction with 0.5 mM isopropyl-β-D-1-thiogalactopyranoside at 30°C for 4 h. Cell pellets were resuspended in 40 mL lysis buffer (50 mM Tris HCl, pH 7.9, 10% glycerol, 1 mM phenylmethanesulfonyl fluoride), lysed with a French press, and the cell lysate was clarified by centrifugation (20 min at 40,000 × g). The cleared lysate was applied to a 1-mL Ni2 + -loaded Hi-Trap Chelating HD column (GE Healthcare), washed with 25 mM K 2 HPO 4 (pH 7.9), 200 mM NaCl, and 20 mM imidazole, and eluted with an imidazole gradient. The eluted proteins were dialyzed into storage buffer [50 mM Tris HCl (pH 7.9), 50 mM NaCl, 1 mM Tris(2-carboxyethyl) phosphine (TCEP)], aliquoted, and stored at −80°C. Protein concentrations were determined by a Bradford assay according to the manufacturer's instructions (Bio-Rad). BSA was used as the protein standard. We obtained preproCypA by digestion of 6-His-tagged MBP-CypA with tobacco etch virus protease following the Invitrogen protocol.
CypD Assay. We incubated 6-His-tagged MBP-CypD (∼25 μM) with the preproCypA substrate (∼120 μM) at 30°C in a 20-μL volume at pH 7.9 (50 mM Tris HCl) under reducing conditions (2 mM TCEP). After 6 h incubation, the reaction mixture was analyzed by MALDI-TOF MS. The substrate peak with a mass of 6,087 Da was partially converted into a peak of 6,041 Da (Fig. S7  A and B) . The 46-Da difference in mass is in good agreement with the removal of two hydrogen atoms and one molecule of CO 2 .
CypM Assay. We incubated 6-His-tagged MBP-CypM (∼7.5 μM) with nonmethylated cypemycin (unknown concentration) at 30°C in a 20-μL volume at pH 7.9 (50 mM Tris HCl) under reducing conditions (2 mM TCEP) in the presence of added S-adenosyl methionine (2.5 mM) and MgCl 2 (10 mM (empty vector, EV; negative control), and M1401-M1409 are the S. venezuelae clones containing hybridizing library cosmids. The halos observed for M1401, M1403, M1405, and M1408 are much smaller than that of the natural producer; although clones M1402 and M1404 failed to produce a halo, cypemycin production was confirmed by MALDI-TOF analysis. Q-TOF analysis of the compound produced by the ΔcypD mutant shows that Cys19 has been dehydrated to dehydroalanine. (C) Q-TOF analysis confirming that the mass difference of the compound produced by the ΔcypM mutant is localized to the first two amino acids and thus is very likely to reflect the lack of the two N-terminal methyl groups. 
